HARDWARE REQUIREMENTS AND SOFTWARE AVAILABILITY
The minimum system requirements for running 'Expert Hydrologist' include an IBM or IBM-compatible personal computer with a graphics adapter and 256K of free base memory, and Level 5, a PC-based proprietary expert-system "shell" program (Information Builders, 1988) installed. Additional recommended requirements are a hard disk with at least 1 MB of free space for compiled knowledge base files and a hydrograph generation program, an Intel 80386 or higher processor, an 80X87 math co-processor, and a color monitor.
Copies of the compiled knowledge base files and a hydrograph generation program may be obtained by contacting the senior author at the Agricultural Engineering Department, North Dakota State University, Fargo, ND 58105-5626.
J. Yoon, 16
A knowledge-based expert system (KBES) 'Expert Hydrologist' was created to facilitate estimation of volume and hydrographs of direct surface runoff of a storm event from a watershed using the SCS runoff curve number method. The system is capable of producing both unit and storm hydrographs. A SCS dimensionless unit hydrograph is used for this purpose. The KBES approach is designed to (1) define a geographic location of the watershed of interest, (2) determine runoff curve numbers through heuristic rules, (3) generate rainfall intensity of given geographic location for specific duration and return period, (4) use the curve number and rainfall intensity estimates for calculating runoff volume, peak runoff and time-topeak, and (5) calculate and plot ordinates of both unit and storm hydrographs of the rainfall event. Rainfall intensity estimation is performed based on four regional partial-duration series parameters corresponding to a given geographic location. Currently, regional parameters for twelve Midwestern states (Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin) are stored in the knowledge base.
Validation of the developed computer model by comparing its output with the actual measurement of the system is a crucial part of the model development process. In case of the expert system development, the criterion is slightly different. The expert system simulates the behavior of a human expert on the subject rather than the behavior of subject itself. Expert systems are therefore tested by comparing the diagnoses of the expert system with those of human experts (Liu et al., 1991; Luger and Stubblefield, 1981) . 'Expert Hydrologist' was tested by domain experts by comparing their logic and answers for the example problem to those given by 'Expert Hydrologist'. Testers were specialists in hydrology, water resources and soil science.
factor in the watershed. For mountainous watersheds, the constant of Equation (20) 
EXAMPLE
An example problem is given here to describe the steps involved in the rainfall synthesis, direct surface runoff estimation based on the SCS runoff curve number method and hydrograph calculations as carried out in the 'Expert Hydrologist.' A drainage area of 3.24 km 2 (=800 acres) located near Fargo, ND, was used with a rainfall event of 10-year return period and 12-hour duration. A hydraulic length of 3.54 km (=2.2 miles) and a catchment slope of 0.2 percent were used. For the given geographic location, the rainfall amount was generated based on two user input parameters; return period and duration. After determining the curve number of the watershed through heuristic IF_THEN question-and-answer sessions, runoff volume, time-to-peak, and peak flow of the unit hydrograph were estimated as 36.07 mm (=1.42 inches), 10.74 h and 1.59 m 3 /sec (=56.31 ft
PEAK FLOW AND TIME-TO-PEAK USING SCS SYNTHETIC UNIT HYDROGRAPH METHOD
The SCS synthetic unit hydrograph method is based on the analysis of a large number of natural unit hydrographs from a wide range of catchment sizes and geographic locations (USDA SCS, 1972; Viessman et al., 1989) . The method has been applied to medium size (up to 8 km 2 ) catchments throughout the world, although evidence suggests that it may be extended to catchments up to 16 km 2 (McCuen et al.,1984) . The method makes use of a dimensionless unit hydrograph ( Figure 9 ) in addition to parameters in Equation (18) 
in which q p = unit hydrograph peak flow in m 2 /s; A = catchment area in km 2 and t p = time-topeak in hours. The constant, 2.08, of Equation (20) represents average condition of topologic estimated using the SAS NLIN (SAS Institute, 1990 ) procedure based on the data shown in Tables 1 and 2 (Chow, 1950; National Bureau of Standards, 1953 Hydrologist.' A hierarchical search method was implemented to retrieve the regional parameters, Z 1 , Z 2 , Z 3 , and Z 4 to be used in Equation (15). Each state was further divided into four quadrants: Northwest, Northeast, Southwest and Southeast. Within a specific quadrant, the regional parameters, Z 1 , Z 2 , Z 3 , and Z 4 are then retrieved based on the user's selected location. All these hierarchical searches for the selected location are performed through interactive map display sessions. The rainfall intensity calculated using Equation (15) is multiplied in the 'Expert Hydrologist' by the duration to obtain the rainfall amount to be used in Equation (1).
In Equation (12), x is a linearized frequency variate based on the partial duration series data and is given in Table 1 . These partial duration series data values are based on the analysis of Chow (1950) from which it follows that ln P = (−1/T), where T is the return period for the partial duration series, and x = −ln [ln (1/P)]. The values of x corresponding to the probability P are taken from tables published by the National Bureau of Standards (1953) .
A linearized duration variate y, can be related to the duration t (h) by
where the scale factor for y is selected so that y=0 corresponds to t=1 h and y=100 corresponds to t=24 h. Empirical observations have shown that the 6-hour value is very closely the mean of the 1-hour and 24-hour values. From that, it follows that n is very nearly 1/6. Equation (13) then becomes
from which the y-values in Table 2 are determined. Substituting the values of x 2 =39.1 and y 2 =100 from Tables 1 and 2 into Equation (12), the complete frequency-duration relationship for a 100-year 24-hour rainfall becomes:
For any location for which the four specific rainfall intensity values, Z 1 , Z 2 , Z 3 , and Z 4 are available, Equation (15) can be solved for any desired combination of return period and duration (Frederick, 1977) . To calculate corresponding values of x and y for any desired combination of return period (T) and duration (D), two polynomial equation were Then the evaluation of Equations (4), (5), (6), and (7) at x 1 =0, y 1 =0 gives respectively (see Figure 6 )
Substitution of the right sides of (8), (9), (10), and (11) into (4) then gives :
Where Z i is the regional parameter representing the partial-duration series value for a given geographic location in mm/h, respectively; Z 1 = 2-year 1-hour partial-duration series value, Z 2 = 2-year 24-hour partial-duration series value, Z 3 = 100-year 1-hour partial-duration series value, 
DETERMINATION OF RAINFALL INTENSITY
'Expert Hydrologist' estimates rainfall intensity for any given rainfall duration and return period for a given geographic location without having to refer to rainfall frequency maps and tables. The entire frequency-duration precipitation regime at any station may be specified by a geometric surface in three dimensions, I=f(x,y), where I is the rainfall intensity corresponding to the frequency represented by a linearized variate x, and the duration is represented by a linearized variate y, as illustrated in Figure 6 . Thus by pre-estimating x-and y-variates and regional parameters for a specific location , the rainfall intensity can be determined without actual measurements.
Under the requirement that it be a linear function of either variate when the other is constant, I must be of the form (Weiss, 1962)
from which it follows by differentiation :
field studies, aerial photographs, or land use maps. Treatment is a cover type modifier used to describe the management of cultivated agricultural lands. The correct identification of hydrologic soil group and land use/treatment is important to runoff estimation because these two factors mainly determine the CN for each area of the watershed. To correctly identify both hydrologic soil group and land use/treatment type, 'Expert Hydrologist' inquires series of items such as runoff potential, infiltration and permeability rates, soil texture and type, and land use/cover. Each item inquiry consists of multiple descriptive answers so that the user can select an answer that best describes the watershed characteristic.
Since curve number varies with antecedent moisture, markedly different results can be 
RUNOFF VOLUME USING SCS RUNOFF CURVE NUMBER METHOD
Equation (1) gives the relationship between runoff and abstraction in the SCS method. Details of the method can be found in USDA SCS (1972), Springer et al. (1980) , McCuen et al. (1984) , Ferreira and Smith (1988) , and Foster (1988) .
With cv = 25.4, Equation (1) is subject to the restriction P ≥ cv
2 . R is the runoff volume (mm over the watershed), P is the rainfall in mm and CN is the curve number. In order to estimate R, we need methods of obtaining proper values of CN and P for the drainage area.
DETERMINATION OF CURVE NUMBERS
Curve number varies in the range 1 to 100 depending on the watershed properties such as soil type, cover type, treatment, antecedent moisture condition (AMC), and hydrologic condition. Curve numbers for average antecedent moisture conditions (AMC II) and for specific combinations of hydrologic soil groups, cover types, treatment, and hydrologic conditions have been estimated by SCS and can be found in several publications (USDA SCS, 1972 and 1986) . Conversion tables for obtaining curve numbers from the average AMC (AMC II) to wet (AMC III) and dry (AMC I) conditions can also be found in these publications. Soils are classified into one of four hydrologic soil groups according to their maximum infiltration rate. Cover type (e.g., vegetation, bare soil, impervious surface) is usually determined from have relevant information on one or more inquiries, and selects "No information available at this time" as a response, 'Expert Hydrologist' will exhaust other remaining inquiries for soilrelated categories and try to determine the soil group of the watershed heuristically.
'Expert Hydrologist' initiates parameters for each estimation trial and determines the curve number based on the user responses to inquiries. Another functionality of 'Expert Hydrologist' is that it is cable of both generating the rainfall intensity with user-specified duration and return period for a simulation purpose and also directly accepting measured rainfall data from the user. Once the curve number and rainfall intensity are determined, 'Expert Hydrologist' proceeds to estimate direct surface runoff volume. Peak flow and time-to peak of the unit hydrograph are also determined, and these values are passed on to an external program, 'HYDRO', to calculate storm hydrograph ordinates. 'HYDRO' is an interactive external program written for estimating unit and storm hydrograph ordinates of a given rainfall event using the SCS dimensionless unit hydrograph and is activated from 'Expert Hydrologist.' A plot of unit and storm hydrographs is also generated by 'HYDRO.' These results are relayed back to 'Expert Hydrologist' for postprocessing and a report generation. A schematic diagram of system organization and estimation procedures is given in Figure 2 .
After receiving the calculated results back from the external program 'HYDRO', 'Expert Hydrologist' creates and displays a final report (Figure 3) .
To alleviate problems due to large module-size, a method of module-chaining was applied. Module-chaining is a process of bundling several separate modules into one logically joined piece during execution so that predefined or acquired facts are transferred from one module to another without any loss of facts. Another benefit of chaining was the optimization of the knowledge base size by relocating units that are necessary but not frequently used during the expert system executions. The main knowledge base was divided into several units, and each unit was processed separately as shown in Figure 2 .
At the beginning of an 'Expert Hydrologist' session, the name and location of watershed are acquired through a series of interactive, hierarchical queries containing both graphical and textual questions. In the case that the user does not know the exact name or location of the watershed, heuristics can be used to search for it by enabling semantic searches such as 'adjacent to town X' within a selected state. This step ensures proper selection of regional partial-duration series parameters essential for rainfall synthesis with desired duration and return period. The succeeding sequence of interactive queries regarding physiogeographic characteristics of the watershed are used by 'Expert Hydrologist' to determine the runoff curve number. For example, soil group for the watershed is determined by inquiring series of soil characteristics such as runoff potential, infiltration and permeability rates, and soil texture and type. Each item inquiry consists of multiple descriptive answers so that user can select an answer that describes the soil characteristic in the watershed at best. This IF-THEN backward chaining paradigm guides the user to determine an appropriate soil group for the watershed.
When more than three answers in random order agree on a specific soil group profile, 'Expert Hydrologist' displays its cumulative conclusion with reasoning for selecting the particular soil group and asks the user whether he will accept the conclusion and proceed to next task, or not accept the conclusion and continue to evaluate the soil group further. In case the user does not order to elicit clues to the hydrologic modeler's strategy. The knowledge acquisition sessions tried to identify and capture: (1) what factors are used by hydrologic modelers; and (2) how the factors are used by experts in formulating a hydrologic modeling strategy.
Using this information, 'Expert Hydrologist' was created in a Level 5 programming shell (Information Builders, 1988) . The choice of Level 5 was based on its capabilities to perform mathematical operations, to incorporate uncertainty and partial information, to present a description of its decision logic, and its compatibility with other external software such as databases and graphics modules. The primary KBES files were created by using a generic word processor that is capable of generating ASCII text files. These KBES files in Production Rule Language (PRL) require the knowledge base elements to be arranged in a particular sequence. The elements of the knowledge base are structured with components such as (1) knowledge base title, (2) declaration of shared facts among chained rule base modules, (3) fact type declarations (ATTRIBUTE, STRING, NUMERIC, LOGICAL), (4) parameter initialization statements, (5) control element selectors, (6) goals of the knowledge base, (7) rules that support the goals, (8) textual information, (9) external program call, and (10) knowledge base termination declaration (END statement).
The knowledge base files structured in PRL were then compiled to create a rule-based representation capable of both forward and backward chaining, goal-driven inference mechanisms of the expert system. In the backward chaining inference mechanism, Level 5 will pursue a specific hypothesis or goal, searching for the antecedents; i.e., pre-conditions that would support that goal. In the forward chaining inference mechanism, it attempts to match textual data, or that information specific to a particular situation, to a pattern or template described by the rules of the knowledge base. An example of the PRL file structure is shown in Figure 1 . and modification. Another type of application in water resources problems is parameter estimation and calibration aid for hydrologic models. Palmer (1985) described an expert system to aid in the estimation and calibration of parameter for a large hydrologic watershed model, HSPF (US EPA, 1984) .
'Expert Hydrologist' is a KBES that contains all important factors that affect runoff, a proper structuring of those factors, a measure of relative influence of the individual factors on the results, and methods for logically combining those factors to derive runoff curve numbers for watersheds. A preliminary structuring of the knowledge was done by the authors in which sample runoff curve number estimation problems were presented to the expert, and the steps he used to solve the problems were recorded. Next, in interviews with other domain experts, the knowledge structure for deriving runoff curve numbers was reorganized and expanded, and weights were assigned to the several factors determining the curve number. Because of the uncertainty associated with the input values, especially when only limited information is available, 'Expert Hydrologist' was also designed to accept a range of values or a single factor with a certainty threshold from the user. The uncertainties are propagated through the inference engine, and 'Expert Hydrologist' calculates the most likely value based on weighted threshold values.
The domain experts were asked to actually solve the problems rather than to describe how the problems should be solved (Mittal and Dym, 1985) . Experts most easily convey their problem-solving strategy through justifications of their actions; while experts have difficulty in explaining their strategy, they can easily give reasons for their actions (Gruber, 1987) .
Therefore, problems were designed to focus on the factors that affect reasoning behind the runoff curve number estimation. The knowledge acquisition sessions stressed questions such as "Why did you do this task?", "Why is this important?", and "What if this fact were true?" in series relationships, calculating direct surface runoff volume and the hydrograph of storms from the corresponding storm event for design purposes.
Especially, the evaluative expertise for runoff curve number estimation is represented in 'Expert Hydrologist' by a loosely structured knowledge base capable of deriving the curve number heuristically with limited available information. After estimating the direct surface runoff volume and the unit hydrograph for a storm event, 'Expert Hydrologist' is automatically linked to an external program to estimate the storm hydrograph. This external program with an interactive graphic user interface facilitates visual display of the results.
These results are relayed back to the 'Expert Hydrologist' and merged with the runoff estimation result file to automatically generate a report. The knowledge-based expert system was implemented using Level 5, a PC-based proprietary expert-system "shell" program (Information Builders, 1988) .
Currently, 'Expert Hydrologist' is implemented for the twelve midwestern states of the United States. If rainfall characteristics for other regions are included in the knowledge-base, the system can be used for those regions as well.
KNOWLEDGE-BASED EXPERT SYSTEM
Knowledge-based expert systems are finding growing applications in engineering practice (Brenner and Neff, 1990) . A KBES is a computer-based inference engine that uses knowledge, facts, and reasoning techniques to solve problems that normally require the abilities of human experts (Martin and Oxman, 1988) . Several expert systems have been developed for a number of water resource applications. Engman (1988) developed an expert system to evaluate the drainage strategy for snowmelt runoff. Shields et al. (1992) et al.,1984) . The method is based on well-established hydrologic abstraction mechanisms. The selection of runoff curve numbers depends on descriptive characteristics of watersheds. To determine runoff curve numbers, one has to go through a number of tables, figures and charts. Furthermore, only a limited amount of watershed information may be available, leading to a less than satisfactory curve number estimate and consequently the introduction of substantial error in runoff estimation. Hawkins (1975 and 1985) showed that curve number errors influence runoff estimates more than precipitation errors for rainfall volumes less than or equal to 228 mm (9 in.) and that the runoff estimates are quite sensitive to curve numbers. This emphasizes the need and importance of accurately estimating curve numbers to minimize the error in runoff determinations.
The heuristic approach used here to estimate runoff curve numbers includes rules of thumb and intuition used by an experienced hydrologist. This expertise, though difficult to quantify, can nevertheless be systematically structured and accessed via a knowledge-based expert system (KBES 
